Abstract. Serum samples from a total of 71 healthy captive birds belonging to 18 species were collected in July of 2008 in Medellin (Colombia) and tested for flaviviruses. Eighteen of 29 samples from American Flamingoes (Phoenicopterus ruber) were positive for West Nile virus (WNV) by reverse transcription-polymerase chain reaction. Selected positive samples were serially passaged and WNV was confirmed by immunofluorescence. Two isolates (524/08, 9835/08) were characterized in vitro and in vivo. Sequence analysis revealed WNV with 16 nucleotide substitutions resulting in six amino acid changes when compared with the NY99 strain. Colombian (COL) viruses were more closely related to Louisiana isolates from 2001. When compared with attenuated strains isolated from Texas, COL isolates differed in their plaque size and temperature sensitivity phenotype. The COL viruses were pathogenic in embryonated chicken eggs and Balb/c mice.
INTRODUCTION
West Nile virus (WNV) is an arboviral zoonotic pathogen, first isolated in 1937, that has been detected throughout Africa, the Middle East, southern Europe, Russia, India, and the Americas. 1, 2 The virus can affect the nervous system of humans, horses, and birds, causing mild to severe illness and sometimes death. The WNV is a member of the Japanese encephalitis virus antigenic complex in the family Flaviviridae, genus Flavivirus. Flaviviruses are found on every continent except Antarctica, but none is as widely distributed as WNV. 3 In its natural cycle, WNV is maintained in birds and Culex spp. mosquitoes. Many wild vertebrates, including wolves, bears, crocodiles, and alligators, [4] [5] [6] as well as domestic animals such as horses, cats, and dogs can be naturally infected. 7, 8 In 1999, WNV was introduced into the Americas 9 causing an outbreak in New York with subsequent spread throughout the United States. Since the first detection in the United States, WNV has caused over 12,000 cases of meningitis/ encephalitis and over 1,100 human fatalities. In the following years, the virus spread through Canada, 10 Mexico, 11 Central America, the Caribbean, [12] [13] [14] and South America. 2, 15 Despite causing disease in more than 12,000 humans, at least 25,000 equids, and hundreds of thousands of birds in the United States and Canada, there have been only a few reports of WNV disease in the Caribbean and Latin America. 2 The first report of the virus in Colombia appeared in 2005 following serological surveys of equids from the northern coastal area. 16, 17 Recently, serologic evidence of WNV activity was found in horses from two Colombian provinces, Antioquia and El Meta, located in the northwestern and central-eastern regions of the country. 18 The WNV has been isolated only once in South America, after the death of three horses in Argentina in 2006. 19 It is puzzling why WNV has never been isolated or caused severe disease in horses or humans in other South American countries. To increase knowledge about the diversity of arboviruses in Latin America and to confirm the presence of WNV in Colombia, a viral survey was conducted in the summer of 2008 in captive but otherwise healthy wild birds at the Santa Fe zoo collection in Medellin (Colombia).
MATERIALS AND METHODS
Study sites and collection methods. Collection of field samples was carried out during the month of July 2008 at the Santa Fe Zoo in Medellin, Colombia (6 13 23.69 00 N 75 34 48.28 00 W). Blood samples were collected from captive wild birds belonging mainly to Orders Phoenicopteriformes, Anseriformes, Psittaciformes, and Galliformes. Captive birds were captured within their enclosures by hand. Blood samples were collected from the wing vein by brachial venipuncture, maintained at 4 C overnight and then centrifuged for 15 minutes at 4 C. The sera was separated and then stored at −80 C until tested. All the serological procedures were performed following the guidelines for WNV Surveillance by the Centers for Disease Control and Prevention (CDC). 20 Flavivirus detection by reverse transcription-polymerase chain reaction (RT-PCR). A total of 71 serum samples were pooled into five groups based on the order and species of the birds (Table 1) . Total RNA from each pool was extracted using the QIAamp viral RNA mini kit (Qiagen, Inc., Valencia, CA), as per the manufacturer's instructions. The RNA samples were tested for presence of flaviviruses by RT-PCR using a One-Step RT-PCR Kit (Qiagen, Inc.), universal flavivirus FU2/cFD3, and UniF/UniR primers as described elsewhere. 21 The reaction conditions are available upon request. The PCR products were visualized by agarose (1%) gel electrophoresis. Individual samples from PCR-positive pools were then analyzed by RT-PCR following the same procedure as described previously.
Virus isolation into mosquito cells. Viral isolation studies were conducted at BSL3 laboratories located at the U.S. Geological Survey-National Wildlife Health Center (USGS-NWHC). Viral isolation of flavivirus RT-PCR positive samples were attempted by three blind passages into C6/36 cells as described elsewhere. 22 Briefly, an aliquot of 50 μL from each flavivirus positive serum sample was mixed with 1 mL of Liebovitz L15 medium with L-glutamine (Sigma-Aldrich, Saint Louis, MO) supplemented with 2% fetal bovine serum (FBS), and then inoculated onto subconfluent monolayer of Aedes albopictus C3/36 cells in 25-cm 2 flasks. After 1 hour incubation at 28 C, 3 mL of L15 medium containing 10% FBS were added and cell monolayers were incubated at 28 C for 7 days. After two additional blind passages, cell monolayers were harvested and tested for WNV by the indirect fluorescent antibody (IFA) test. The IFA positive cultures were lysed through one freeze-thaw cycle and then supernatants were collected, clarified by centrifugation, and stored in aliquots at −80 C for RT-PCR testing and viral titration.
Flavivirus genome amplification and sequencing. Total RNA was extracted from WNV-IFA positive supernatants and RT-PCR was performed using universal flavivirus FU2/cFD3 and UniF/UniR mentioned previously. The RT-PCR conditions were similar as previously mentioned. The PCR products were purified using the Gel extraction kit (Qiagen, Inc.) and purified materials were sequenced at the Biotechnology Center at University of Wisconsin (Madison, WI). Sequences were edited and aligned using the BioEdit program (available at: http://www .mbio.ncsu.edu/BioEdit/bioedit.html) and DAMBE software 23 ; after editing, the sequences were compared in GenBank by basic local alignment search tool (BLAST).
WNV antigen expression in mammalian cells. The WNV antigen expression in mammalian cells was screened by a modified fluorescent assay described elsewhere. 24 Briefly, confluent Vero and BHK 21 cells in 12-well plates were infected with 100 μL containing 10-fold serial dilutions of each viral isolate. Viral adsorption was allowed to proceed for 1 hour (h) at 37 C in 5% CO 2 . The media was decanted, and an overlay of Dulbecco's modified eagle medium (DMEM), 2% FBS, and 1% SeaPlaque Agarose (Cambrex Bio Science Rockland, Inc., Charles City, IA) was added and plates were incubated at 37 C in 5% CO 2 . At 72 h postinfection, the overlay was removed from the wells and replaced with phosphate buffered saline (PBS) (4 C + 5 min). Cells were then fixed for 30 min with cold methanol/acetone (1:1) at −20 C, rinsed twice with 0.1% BSA/PBS 0.05% Tween20 washing buffer (WB), and blocked with 2% FBS/PBS/0.05% Tween20 blocking buffer (BB), at 37 C for 1 h. Antigen was identified using a WNV and Kunjin virus-specific monoclonal antibody (MAB8151 Millipore) diluted 1:500 in BB, incubated for 1 h, and then washed twice with WB. Antibody-labeled cells were detected after 30 min of incubation with a commercial FITC anti-mouse immunoglobulin G (IgG) antibody diluted 1:500, followed by two washes with WB. Finally, a 90% glycerol/PBS solution was applied to cover the monolayer, and cells were observed on a fluorescent microscope.
Viral titration and plaque morphology. Viral titers were determined by plaque assay in Vero cells and expressed as plaque-forming units (PFU) per mL. Viral titers and plaque phenotypes were determined in Vero cell monolayers in 12-well plates as described elsewhere with some modifications. 25 Briefly, viruses were allowed to attach for 1 h at 37 C in 5% CO 2 and an overlay media of DMEM containing 1% Methylcellulose and 2% FBS was then added to each well. At 4 days post-infection, neutral red/Dulbecco's phosphate buffered saline (DPBS) solution (0.04%) was added and cells were incubated at 37 C overnight. Plaques were counted and titers were expressed as PFU/mL. In addition, plaque size was measured under a stereomicroscope (10 + ) and the diameter was calculated by using a linear scale micrometer disc. The small plaque (sp) phenotype was described as a 1.5 mm diameter whereas large plaque (lp) was 1.5 mm in diameter. 25 Temperature-sensitivity (TS) assays. The COL WNV isolates were further characterized by their TS phenotypes. Vero and BHK 21 cells were adapted to grow at 39.5 C. The TS assays were conducted at 37 and 39.5 C. Cells were seeded in 6-well plates and infected in duplicates at MOI of 0.01. At 24-72 h intervals post-infection, cells and media from each well were harvested and centrifuged at 3,000 rpm for 5 min. The TS phenotype was defined as a 2.5 log 10 reduction in infectivity titer determined by PFU/mL for both cell lines. The WNV titers in both cells lines at 39.5 and 37.0 C were determined. In addition, cell pellets were spotted onto glass slides, air dried for 5 min, fixed with cold methanol/acetone (1:1) at −20 C for 30 min, and then tested by IFA as described previously to confirm viral replication.
Sequencing of WNV isolates and phylogenetic analysis. The entire virus genome (11,029 bp) from four viral isolates was PCR amplified into 12 overlapping segments. The PCR products were purified using a gel extraction kit (Qiagen, Inc.) and sequenced at UW Biotechnology Center (primers sequences and RT-PCR conditions are available upon request). Sequences obtained in this study were deposited in GenBank (accession nos.: JN716371 and JN716372). The resulting sequences were edited and assembled into complete genome sequences using BioEdit program and ContigExpress (VectorNTI software, Invitrogen, Grand Island, NY).
For the Phylogenetic and BEAST analysis, 52 WNV fullgenome sequences, from North and Latin America were downloaded from GenBank. Nucleotide sequences were aligned using the ClustalW component of DAMBE, 23 and then manually edited using the BioEdit program. The phylogenetic relationship between COL WNV isolates and published sequences was estimated using the Bayesian MCMC approach available in the BEAST package. 26 Briefly, the XML file was produced by BEAUTI in the BEAST package, using a model with the following parameters: nucleotide substitution (TN93), estimated base frequencies, homogeneous sites, and a strict molecular clock. The MCMC analysis was run for 10 million chains. A maximum clade credibility (MCC) tree was produced and annotated by Tree Annotator in the BEAST package. The tree was visualized and edited with FigTree software (available from http://tree.bio.ed.ac.uk/software/figtree). Nucleotide alignments from COL isolates were translated into amino acid sequences using the BioEdit program and substitutions in comparison with reference viruses were identified using DNAsp software. 27 Amino acid substitutions were compared for closely related isolates.
Comparative virulence and pathogenicity studies. Animal procedures were carried out in Biosafety Level 3 (BSL3) containment facilities and approved by the Institutional Animal Care and Use Committee (IACUC) of the School of Veterinary Medicine of the University of Wisconsin-Madison.
Inoculation in embryonated chicken eggs. The WNV is known to cause mortality of chicken embryos. Thus, COL WNV isolates were tested for their virulence by inoculation into the allantoic cavity of 9 to 10-day-old specific pathogen free embryonated chicken eggs (N = 3 per treatment; Sunnyside Hatchery, Beaver Dam, WI) as described elsewhere. 28 Briefly, eggs were incubated at 37 C following allantoic cavity inoculation with 100 μL of 10-fold dilutions of infected supernatants yielding a starting infectious dose of 1.8
5 PFU/mL and 1.5
7 PFU/mL for COL524/08 and COL9835/08 isolates, respectively. A control group was inoculated with 100 μL of PBS. Eggs were candled daily for up to 7 days. At that time, samples of allantoic fluid were aseptically harvested and were inoculated into cultures of Vero cells, which were subsequently examined by IFA to confirm the presence of WNV. The minimum lethal dose was determined as the highest virus dilution that caused 50% mortality.
Virulence in newborn and 4-week-old mice. The virulence of COL WNV isolates was evaluated in both 1 to 3-day-old and 4-week-old Balb/c mice (Harlan Sprague Dawley, Inc., 
RESULTS
A total of 71 birds belonging to 18 species were sampled in July of 2008 at the Santa Fe Zoological Park in the Medellin city, province of Antioquia, Colombia (see Table 1 for a complete list of species sampled). All birds appeared to be in good health at the sampling time.
Flavivirus detection by RT-PCR. Universal FU2/cFD3 and UniF/UniR primers detected flavivirus cDNAs only in two serum pools (29 samples) that originated from American Flamingos (Phoenicopterus ruber). These primers amplified the NS5 and E genes, yielding detectable products of~845 and 872 bp for each primer pair, respectively (data no shown). Individual testing of the specimens revealed that 18 out of 29 samples (62%) were positive for flavivirus by RT-PCR.
Virus isolation into C6/36 cells. Ten of the flavivirus PCRpositive samples were randomly selected for virus isolation attempts in C3/36 cells. After three serially blind passages, spotted cells from four out of the 10 samples were confirmed for WNV by IFA (data not shown). The WNV was also confirmed in these samples by RT-PCR (data not shown). Viral titers in infected cell supernatants ranged between 1.8
7 PFU/mL for the COL524/08 and COL9835/08 isolates, respectively.
Sequencing and phylogenetic analysis. Four isolates (COL524/08, COL739/08, COL928/08, and COL9835/08) were selected for full sequence analysis and two distinct variants (524/08 and 9835/08) were further characterized in vitro and in vivo. Four contiguous sequence fragments (10,754 bp -97.5% genome) comprising the entire coding region and partial UTRs (76-96 and 10,399-10,829) were assembled and aligned. All RT-PCR products revealed WNV sequence similarity by BLAST comparison. The WNV isolates COL9835/ 08, COL928/08, and COL739/08 were 100% identical, but differed from COL524/08 in three amino acid substitutions in the E (Q328H), NS1 (P281S), and NS4B (T241A) genes, indicating that at least two WNV genotypes are currently circulating in Colombia (Table 2) . Sequence comparisons between NY99 and COL isolates revealed a total 16 nucleotide changes; all of them were located in the viral coding region and resulted in six amino acid substitutions: two in the E (L167F, Q328H) and single ones in the NS1, NS3, NS4A, and NS4B genes ( Table 2) .
When compared with more recent United States isolates such as WNV LA01, the COL isolates show single amino acid changes in E (Q328H), NS1 (P281S), NS3 (I162V), NS4A (A85T), and NS4B (T241A) genes, indicating the existence of genetic differences between COL WNV isolates and other isolates from other countries in the Americas (Table 2) . A phylogenetic analysis using the sequences of COL WNV isolates and 52 complete coding region sequences of GenBank from the Americas, clearly shows that COL WNV isolates are different than the NY99 strain and that these viruses are more closely related to Louisiana (LA) isolates from 2001 ( Figure 1) .
Tissue culture characterization. The WNV isolates COL524/ 08 and COL9835/08 were characterized in Vero and BHK 21 cell cultures. Both cell lines showed initial cytopathic effect (CPE) at 24 h post-infection for both isolates. However, CPE was observed in greater scale in BHK 21 cells than in Vero cells. The COL524/08 isolate caused more CPE than COL9835/08 in both cell lines, but both isolates produced complete CPE by 72 h post-infection. All isolates had similar growth characteristics and permissive infections were confirmed on both cell lines (Table 3) . Additionally, both isolates exhibited large plaque phenotype ( 1.5 mm) that were highly homogeneous at 4 days post-infection in Vero cells (data not shown). The plaque size was slightly larger for the COL524/08 (N = 12, 3.5 ± 0.41 mm) than for COL9835/08 (N = 30, 3.1 ± 0.42 mm), although no statistically significant difference was found.
Temperature-sensitivity assays. The TS assays in Vero and BHK 21 cells showed that virus replication was supported in both cell lines at permissive and non-permissive temperatures (Table 3) . Both COL9835/08 and COL524/08 isolates caused CPE that reached 100% cell mortality at 72 h post-infection. The WNV antigen expression for each time point in both cell lines was confirmed by IFA. At 39.5 C, no marked differences were observed in the growth and viral yields of both isolates.
In vivo studies: inoculation in embryonated chicken eggs. The avian virulence and pathogenicity of COL9835/08 and COL524/08WNV isolates was confirmed by inoculation into the allantoic cavity of 10-day-old chicken embryos. Both viruses produced 100% mortality at high concentrations with a mean death time ranging between 152 and 162 h postinfection. The embryo 50% lethal dose was 4.7 
DISCUSSION
This is the first study in which WNV has been isolated and characterized from Colombia. These viruses were found in captive but otherwise healthy birds at a zoological collection of Medellin, suggesting the possibility of circulation of less virulent strains in Colombia. Sequence analysis showed nucleotide differences between COL viruses, indicating that at least two WNV genotypes are circulating in the area. Further analysis revealed that COL viruses are distinct from the WNV NY99 strain and more closely related to LA isolates from 2001. Phenotypic characterization in vitro showed differences between COL and attenuated WNV isolated from Texas (TX) on their growth in cell culture. Although these were isolated from healthy birds, in vivo studies show that COL viruses were pathogenic in embryonated chicken eggs and highly virulent in newborn and 4-week-old Balb/c mice.
For several years, there has been some evidence of natural circulation of WNV in Colombia and other surrounding countries. Separate serological studies in 2005 and 2006 have suggested the presence of the virus in the northern coastal areas. 16, 17 We recently also documented serologic evidence of WNV activity in horses from two central Colombian provinces. 18 One of these sites is located in the province of Antioquia and~30 miles southwest from the zoo collection surveyed in this study. With evidence of WNV in central and northern regions, it is likely that the virus is circulating in other regions as well and possibly spreading to new regions.
It is interesting that all WNV sequences were detected and isolated from American Flamingoes, but not from other captive birds that were sampled in this study. Eighteen of 29 flamingoes sampled were positive by RT-PCR. It is possible that mutations detected in COL isolates have restricted the virus host range to only flamingoes or viremia levels in other captive birds are below the threshold of detection for the RT-PCR used in the current study. An alternative explanation is that there was local transmission of WNV between flamingoes in the aquatic environment in which they are group housed. Other birds sampled in this study were housed in separate enclosures. The high prevalence among this particular group Table 2  Continued   NS2B  NS3  NS4A  NS4B  NS5   A4561 A5095G T5618A G5758A T6263C A6591C G6721A T6742C G6871A A6997G G7162T T7551A A7636G A7661G G8279T C8566T A8621C C9743A A9751C T10085 C10091   115 162  336  383  551  41  85  92  135  28  83  212  241  249  200 296  314  688  691 802 804 Table 2 .
of flamingoes may support this hypothesis. We did not test mosquito populations to determine if local WNV transmission is occurring. A third possible explanation is that the flamingoes were infected before they were housed in the zoo and maintained a persistent viremia. This explanation seems less likely because experimental studies of WNV infection in birds and mammals indicate that most species have a transient viremia (3-6 days), 29 however the length of viremia is unknown in American flamingoes. A review of the history and source records of these animals showed that they arrived to the zoo between 1 and 5 years ago from different areas of Colombia.
A second peculiarity of these results in that these viruses were isolated from apparently healthy birds, although in vivo studies indicate that they are pathogenic in mammalian and avian models. One possibility is that that these flamingoes possess antibodies to another flavivirus that altered the progression of subsequent WNV infection. Diaz and others 30 showed that infection with St. Louis encephalitis virus was modified in house sparrows previously infected with other flaviruses. Many other flaviruses are known to circulate in Colombia and neighboring countries, such as yellow fever, dengue, and others including Bussuquara, Cacipacore, Ilheus, Iguape, and Rocio viruses. 31 We cannot explore this possibility further, because the antibody status of the birds in this study is unknown. Additionally, clinical signs of WNV vary greatly between species, with some experiencing severe disease, whereas others can be viremic with no apparent signs. 29 A second possibility is that the flamingoes were experiencing mild clinical signs, such as lethargy and inappetence, but that these were not easily detected by zoo staff. It is a well-known occurrence for wild animals to hide illness until disease is very severe or fatal. Since the time of sampling, no clinical illnesses have been reported in any of the WNV-positive Flamingoes.
In addition to genetic similarities between WNV isolates from LA and COL, there are also phenotypic similarities. In vitro characterization shows that COL isolates induce CPE in Vero cells, similar to LA AR01. Both COL524/08 and COL9835/08 isolates were highly lethal in 4-week-old mice by the i.c. and i.p. routes. The low LD 50 value ( 1.8 PFU) and clinical signs clearly indicate that, like LA viruses, COL viruses are highly neurovirulent and neuroinvasive and can induce severe disease in the mouse animal model. 32 The LA AR01 strain was isolated from a dead blue jay, whereas our isolates are from healthy birds. This fact raises the question if these strains may be attenuated. However, in comparison to attenuated strains from TX, COL isolates are more pathogenic in vitro. The COL isolates grew similarly at 37 and 39.5 C, whereas attenuated TX viruses grew only at permissive temperatures and had reduced replication in Vero cells. Both COL viruses had large and homogenous plaque size, whereas attenuated TX viruses had small plaques. 25 Additionally, some TX strains exhibit neurovirulence but not neuroinvasiveness. 25 The COL isolates were lethal in chicken embryos, but only at high concentrations. This could be evidence of virulence in avian species. However, we do not know if COL viruses are pathogenic in adult chickens or wild birds. Future studies should include experimental infection of COL WNV strains in chickens, flamingoes and other wild birds. The closeness between COL and LA isolates leads to speculations that these viruses were perhaps introduced into Colombia by migratory birds from either the Atlantic coast or the Mississippi valley flyways. The Atlantic coast or eastern flyway overlaps both New York and Florida, while the Mississippi Valley flyway overlaps Louisiana, the Yucatan Peninsula of Mexico and Central American and Caribbean countries. Thus, migratory birds could have carried WNV from the southeastern United States into Colombia, either directly or through the Caribbean. Figure 2 , shows the hypothetical routes of West Nile virus spread in America and introduction into Colombia. Serosurveys have suggested WNV circulation among birds in various Caribbean islands since 2002. 13 It is also possible for the virus to have entered Colombia by other means such as the importation of infected mosquitoes by air travel, sick horses, or infected people.
The genetic similarity of COL isolates with LA strains could support the hypothesis of early WNV expansion to Central and South America. Furthermore, amino acid comparisons show one ancestral mutation E-V159 shared only by NY, LA, FL, and COL isolates, which confirms the early introduction of WNV to South America ( Table 2 ). The constant rate of evolution observed in the phylogenetic tree and the fixed and unique amino acid changes found in COL isolates provide evidence for the fast emergence of WNV through all America after its introduction in 1999. 33, 34 Although there are fewer amino acid differences between COL 9835 and NY99, than between LA AR01 and NY99, analysis of the nucleotide sequences showed a considerable number of silent mutations which are shared between Colombian isolates and the LA isolate (data not shown). This supports the phylogenetic grouping between LA and COL isolates.
The isolation of WNV in Colombia could have important implications in human, veterinary, and wildlife medicine. It is possible that these WNV strains are causing mild to severe human disease in some parts of the country. In terms of wildlife, Colombia has a great variety of ecosystems, providing habitat to a large number of migratory and resident birds. An outbreak of WNV in this area could have devastating effects on susceptible species. The findings of the current study supports the need for larger ecological and field surveillance studies in wild birds, domestic animals, and humans to better understand the impact of WNV and native flavivirus circulation in Colombia. It is also important to determine the mosquito vectors involved in the transmission of these WNV strains in Colombia. We are currently conducting field investigations that can provide some insight into the natural history of WNV and related flaviviruses in Colombia.
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